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Chronic wasting disease (CWD) is a major concern for the
management of North American cervid populations. This
fatal prion disease has led to declines in populations which
have high CWD prevalence and areas with both high and
low infection rates have experienced economic losses in
wildlife recreation and fears of potential spill-over into
livestock or humans. Research from human and veterinary
medicine has established that the prion protein gene (Prnp)
encodes the protein responsible for transmissible spongiform
encephalopathies (TSEs). Polymorphisms in the Prnp gene
can lead to different prion forms that moderate individual
susceptibility to and progression of TSE infection. Prnp genes
have been sequenced in a number of cervid species including
those currently infected by CWD (elk, mule deer, white-tailed
deer, moose) and those for which susceptibility is not yet
determined (caribou, fallow deer, sika deer). Over thousands of
sequences examined, the Prnp gene is remarkably conserved
within the family Cervidae; only 16 amino acid polymorphisms
have been reported within the 256 amino acid open reading
frame in the third exon of the Prnp gene. Some of these
polymorphisms have been associated with lower rates of CWD
infection and slower progression of clinical CWD. Here we
review the body of research on Prnp genetics of North American
cervids. Specifically, we focus on known polymorphisms in the
Prnp gene, observed genotypic differences in CWD infection
rates and clinical progression, mechanisms for genetic TSE
resistance related to both the cervid host and the prion agent
and potential for natural selection for CWD-resistance. We also
identify gaps in our knowledge that require future research.

substantial ecological, agricultural and economic problems, with
potential threats to human health. Prion diseases or transmissible
spongiform encephalopathies (TSEs), are invariably fatal neurodegenerative diseases caused by unique transmissible protein
pathogens.1 They can occur as genetic, infectious or spontaneous
afflictions. Prion diseases first gained public notoriety as “mad
cow” disease (bovine spongiform encephalopathy, BSE) emerged
in the United Kingdom, and caused variant Creutzfeld-Jacob
(vCJD) disease in humans.2 But TSEs were recognized before the
media coverage and even before the identification of prions as a
disease agent.1 Kuru, linked to ritualistic cannibalism in the Fore
population of Papua New Guinea,3 and scrapie affecting sheep
and goats4 have been known for decades, if not centuries. More
recently an emerging TSE, chronic wasting disease (CWD), was
discovered in North American wildlife populations during the
1980s and has caused great concern for captive and wild cervid
populations.5
Originally discovered in the western United States, CWD
now occurs in at least 19 states and 2 Canadian provinces.
Currently both free-ranging and captive mule deer (Odocoileus
hemionus), white-tailed deer (Odocoileus virginianus), elk (Cervus
elaphus) and moose (Alces alces) are known to be affected by
CWD. Disease prevalence has exceeded 30% in some free-ranging populations in western states6 and 80% in some captive deer
herds.7 Given the potential for high prevalence and impacts on
wildlife populations, CWD is one of the primary concerns of
wildlife management agencies in the US and Canada.8,9 Though
there is currently no evidence that humans can contract CWD,10
some affected regions have reported public concerns and economic losses in wildlife-related recreation.11,12
CWD is unique, and especially problematic, because it is one
of the most efficiently transmitted prion diseases.13 Transmission
of many TSEs depends on ingestion of tissue from infected animals. This has allowed BSE and kuru to be largely controlled by
disrupting the food chain responsible for their transmission. In
contrast, scrapie and CWD are contagious and can be transmitted
horizontally, making disease eradication challenging. In captive
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Introduction
In recent decades prion diseases have transitioned from a novel,
but relatively obscure, group of diseases to one that presents
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animals, CWD can be transmitted by both direct contact6 and
exposure to environmental reservoirs.14 Further, some TSEs are
only able to infect hosts with specific prion protein genotypes, and
these genetic differences in susceptibility have formed the basis for
selective breeding programs to reduce scrapie infection in sheep.15
However, there are concerns related to atypical scrapie (an uncommon strain with unique neuropathology that appears to affect all
genotypes).16 In contrast, CWD appears to infect (albeit at varying levels) all currently known cervid genotypes and is transmissible among different cervid species and among genotypes.
In contrast to cellular pathogens carrying their own genome,
prions contain no nucleic acid. The structure of the normal cellular prion protein (PrPC ) is determined by the amino acid sequence
encoded by the host prion protein gene (Prnp). In pathogenic
form (PrPres), the prion protein is misfolded such that it is more
resistant to degradation by proteases. The PrPres accumulates,
not through cellular replication, but through a chain reaction
converting additional PrPC to PrPres. This newly formed PrPres is
identical in amino acid composition to the template PrPC in the
infected individual.
In prion diseases affecting sheep, mice and humans, amino
acid polymorphisms in the Prnp gene influence susceptibility and
incubation period.13,17 Genetic analysis of CWD affected cervid
populations also suggests that Prnp variation affects susceptibility and/or disease progression. Many of these conclusions have
been based on the proportion of affected and unaffected cervids
in a population with respect to their Prnp genotype. However,
recent studies have evaluated disease susceptibility and progression of Prnp genotypes based on tissue pathogenesis,18 infection
rates in captive animals,7 disease incubation period in experimentally challenged animals,19 and determination of genotypespecific infection and survival rates in wild populations.20
Determining the role of Prnp genetics in CWD is important
in understanding the epidemiology of affected species, identifying potential species barriers to infection, modeling disease risk,
and evaluating potential management actions. Here we compile
a wide body of research on Prnp genetics of North American cervids. Specifically we review known polymorphisms in the Prnp
gene and genotype effects on CWD susceptibility and progression. We review potential mechanisms for genetic TSE resistance
for both the cervid host and prion agent, identify knowledge
gaps, and identify opportunities for future research.

Several steps are involved in the reconfiguration of the normal
protein to the pathogenic PrPres. First the reaction must be seeded
by the introduction of PrPres particles. The PrPres binds to PrPC at
a site on the third α helix.25 Once bound, the PrPC is converted
to PrPres. This conversion stage is believed to be the slower step
in the process, and potentially the most influenced by amino
acid structure of the protein.28-31 Newly converted PrPres particles
become bound to the seed material forming aggregate polymers
which are extremely resistant to degradation.25 As these proteaseresistant aggregates accumulate in the body, disease develops.
CWD prions accumulate first in gastrointestinal lymphoid tissues, followed by peripheral lymphoid tissues, and eventually in
the central nervous system. Amyloid prion plaques in the brain
tissue cause neuronal degeneration and encephalopathy that lead
to clinical signs of disease and finally to death.6
Once an animal is infected, likely by ingesting PrPres, progression of disease is primarily driven by the efficiency of the prion
misfolding chain reaction, which may be related to Prnp similarity between the seed PrPres and template PrPC.13,32 One theory
suggests a general heterozygote advantage against disease, where
reactions between non-homologous proteins are less efficient due
to competition at binding sites.1,25,26 An alternative explanation
is that variation in the Prnp sequence produces prions that differ in physical properties and chemical reactivity. Prusiner1 has
suggested that one mechanism for differential TSE susceptibility
might be the different activation energy required to refold amino
acid sequences formed by some Prnp types.

© 2012 Landes Bioscience.
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Prions: A Unique Agent with a Complex Etiology
While we know little about the function of normal prion proteins,21,22 its conserved genetic structure among mammals and
expression in numerous tissues suggests a broad functionality.13
The structure of the mature protein is consistent across taxa,
with a long, flexible N-terminal tail, three α helices, and a twostranded anti-parallel β sheet.13,23 An amino acid loop connecting
the β sheet strand to the α helixes is particularly rigid in cervids,
perhaps relating to the highly infectious nature of CWD in cervids.24 Structures in the loop region and the central portion of the
molecule appear influential in determining efficiency of converting PrPC to β sheet-rich PrPres.1,25-27
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The Role of Host-Specific Prnp Variation
in CWD Epidemiology

Given the importance of the protein structure in prion pathogenicity, variation in the amino acid make-up of both PrPC and
PrPres may have important implications for TSE epidemiology.
Infection with, distribution and accumulation of PrPres in cervid
tissues33 are crucial steps in CWD which may produce differential susceptibility to infection and efficiency of disease progression. We focus our review on the variability in the third exon in
the Prnp gene which encodes the prion protein (PrPC ) sequence,
based on the 256 amino acid open reading frame, ORF. A total
of 16 polymorphic codons in the Prnp ORF have been reported
in cervid species (Table 1). The conservation of this DNA
sequence suggests strong purifying selection for maintenance of
prion function.15 The greatest number of Prnp alleles and amino
acid substitution occurs in white-tailed deer, red deer, caribou
and mule deer (Table 1). So far, research has demonstrated that
Prnp coding variations in elk, white-tailed deer and mule deer are
associated with the rate of CWD infection or disease progression,
with no evidence for a completely resistant genotype (references
in Table 1).
To illustrate the diversity of Prnp sequences and their relationship among taxa, we constructed a UPGMA (Unweighted
Pair Group Method with Arithmetic Mean) phylogeny from
available Prnp sequences (translated animo acid sequences from
GenBank aligned and analyzed in Mega 5.2 34). The dendrogram illustrates the shallow divergence among taxa (Fig. 1).
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Table 1. Variability in the PRNP genotypes of cervids found in North America
Variable Codons
Taxa

PRNP
type

Freq

Concensus amino
acid sequence

2

20

59

95

96

98

100

116

129

132

138

168

169

209

225

226

V

D

G

Q

G

T

S

A

G

M

S

P

V

M

S

Q

Citation

Subfamily Cervinae
Rocky Mountain
Elk

O’Rourke
et al. 1999

132M

++

132L

37%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

E

White
et al. 2010

-

-

-

-

-

-

-

-

-

L

-

-

-

-

-

E

Perucchini
et al. 2008
Paletto
et al. 2009

Red Deer

© 2012 Landes Bioscience.
59G/98T/168P/226E

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

E

59S

0.2%

-

-

S

-

-

-

-

-

-

-

-

-

-

-

-

E

98A

8%

-

-

-

-

-

A

-

-

-

-

-

-

-

-

-

E

168S

0.2%

-

-

-

-

-

-

-

-

-

-

-

S

-

-

-

E

226Q

44%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Sika Deer
100S/226E
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Jeong
et al. 2007

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

E

100G

3%

-

-

-

-

-

-

G

-

-

-

-

-

-

-

-

E

226Q

48%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Rhyan
et al. 2011

Fallow Deer
monomorphic

Meng
et al. 2005

100%

-

-

-

-

-

-

-

-

-

-

N

-

-

-

-

E

Subfamily Capreolinae
Johnson
et al.
2003;
2006

White-tailed Deer

95Q/96G/116A/
138S/226Q

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Robinson
et al. not
published

++

95H

2%

-

-

-

H

-

-

-

-

-

-

-

-

-

-

-

-

Kelly et al.
2008

++

96S

26%

-

-

-

-

S

-

-

-

-

-

-

-

-

-

-

-

O’Rourke
et al. 2004

Amino acid codes: A, alanine; D, aspartic acid; E, glutamic acid; f, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; n, asparagine; p, proline; Q, glutamine; R, arginine; S, serine; t, threonine; V, valine. ++, genotypes associated with reduced susceptibility to and/
or delayed progress of CWD. We summarized known coding variations in the cervid PRNP gene. Allele are described by their characteristic variation
from the consensus sequence. Frequencies are given for minor alleles. The consensus amino acid sequence shows the most common alleles at each
of the variable codon positions (numbered), dashes indicate no difference from the common sequence, alternate amino acids are indicated with their
abbreviation.
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Table 1. Variability in the PRNP genotypes of cervids found in North America (continued)
++

116G

13%

-

-

-

-

-

-

-

S

-

-

-

-

-

-

-

-

Wilson
et al. 2009

226K

0.5%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

K

Heaton
et al. 2003

15%

-

-

-

-

-

-

-

-

-

-

N

-

-

-

-

-

138N pseudogene

Brayton
et al. 2003

Mule Deer
20D/138S/225S

++

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Jewell
et al. 2005

20G

9%

-

G

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Wilson
et al. 2009

225F

5%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

F

-

Heaton
et al. 2003

~100%

-

-

-

-

-

-

-

-

-

-

N

-

-

-

-

-

138N pseudogene

Huson,
Happ,
2006

Moose
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209M
209I

45%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

I

-

-

Happ
et al. 2007

Caribou

2V/129G/138S/169V

Do not distribute.
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

129S

2%

-

-

-

-

-

-

-

-

S

-

-

-

-

-

-

-

138N

30%

-

-

-

-

-

-

-

-

-

-

N

-

-

-

-

-

4%

M

-

-

-

-

-

-

-

S

-

-

-

M

-

-

-

2M/129S/169M

Paletto
et al. 2009

Roe Deer
monomorphic

100%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Chinese Water
Deer

Jeong,
2009

100S
100N

na

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

N

-

-

-

-

-

-

-

-

-

Amino acid codes: A, alanine; D, aspartic acid; E, glutamic acid; f, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; n, asparagine; p, proline; Q, glutamine; R, arginine; S, serine; t, threonine; V, valine. ++, genotypes associated with reduced susceptibility to and/
or delayed progress of CWD. We summarized known coding variations in the cervid PRNP gene. Allele are described by their characteristic variation
from the consensus sequence. Frequencies are given for minor alleles. The consensus amino acid sequence shows the most common alleles at each
of the variable codon positions (numbered), dashes indicate no difference from the common sequence, alternate amino acids are indicated with their
abbreviation.

The tree is polyphyletic, with branches reflecting specific codon
polymorphisms rather than taxonomic relationships. The most
common Prnp genotype in deer, which is also the most susceptible to CWD infection, is widely shared across cervid taxa, and
the common elk genotype differs from deer only at codon 226.
None of the cervid Prnp genotypes described are highly diverged
from the known susceptible genotypes (Fig. 1), suggesting that
Prnp divergence alone is unlikely to provide a strong barrier to
CWD transmission between species and that complete resistance
is unlikely for any specific genotype.
Mule deer. Experimental research tracking the pathological
progression of CWD has demonstrated a major effect of Prnp
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variation on the rate of disease progression. Fox et al. contribute valuable information on CWD progression by examining
animal tissues at systematic time points after experimental
inoculation of mule deer. The accumulation and distribution of
PrPres was similar in 225SS and 225SF deer, but the time course
varied with genotype. Delay in accumulation in the lymphoid
tissue was relatively slight, but deposition of PrPres in the central
nervous system was markedly delayed in 225SF deer.18 While
225SS deer developed spongiform lesions in about 19 mo,
225SF animals were still subclinical and free of lesions at the
study’s end 6 mo later.18 The researchers make the important
distinction between the short lag until PrPres infection of the

Volume 6 Issue 2
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Figure 1. Phylogeny of Prnp genotypes. We generated a UPGMA phylogeny based on translated sequences of the Prnp gene reported in GenBank for
species within the family Cervidae, labels correspond to Table 1. As out groups, we include the common domestic cow genotype and major sheep
genotypes known to vary in TSE-susceptibility. *Indicates the consensus genotype for each species, ++indicates Prnp types shown to have reduced
susceptibility to TSEs.

lymphatic system and the much slower time to clinical stages,
indicating the potential to prolong shedding after 225SF animals become lymph node-positive and before they succumb to
disease.18,33
Genetic screening in free ranging mule deer populations is
suggestive of differential infection rates associated with Prnp genotypes, but specific results have varied by population (Table 1).
In the endemic zones of Colorado and Wyoming, 225SS deer
tested positive for CWD at a rate 30 times greater than 225SF
deer.35 Mule deer in Canada did not have the 225F allele, but
the 20G allele was over twice as likely to be associated with

www.landesbioscience.com
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CWD infection than 20D.36 This finding differed from US
studies where the codon 20 allele was not associated with CWD
infection.
White-tailed deer. Prnp polymorphism has also been strongly
associated with delayed progression of CWD in white-tailed
deer. In harvested free-ranging deer, brains of infected 96GS deer
showed lower accumulation of PrPres than brains from 96GG
deer.37 In addition, controlled experiments using high dosage oral
inoculations have demonstrated that 96S deer experience a longer
incubation period before developing clinical CWD.19 In the same
experiment the 95H allele had a profound effect on incubation
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period, more than doubling the time to clinical signs compared
with 95Q.19
Several field studies of Prnp genetics in free-ranging and captive white-tailed deer have consistently reported lower infection
rates in some genotypes (Table 1). In all populations studied, the
96S allele has been associated with lower prevalence compared
with 96G. Epidemiological models for wild (in press20) and captive animals7 indicate 96GG deer are infected at 3 to 4 times the
rate of animals with at least one copy of 96S. Lower CWD infection has also been suggested for minor alleles 95H and 116G;
however, these alleles occur at very low frequencies, thus trends
based on observational studies and have not been confirmed with
formal statistical analysis. In Illinois, where 95H was more common (about 2%) it was significantly associated with decreased
odds of CWD infection, with positive 95H animals occurring
nearly five times less frequently than 95Q.38 This finding is concordant with studies where 95H has been underrepresented in
CWD cases, but too rare for formal evaluation.36,37 In a captive
Nebraska herd, animals with the 116A allele were over twice as
likely to be infected as those with the 116G allele.39 There is also
some evidence that synonymous polymorphisms might be associated with CWD, but the role of linkage with coding polymorphisms is unclear.36,38
Elk. Experimental studies have provided strong evidence
for delayed CWD progression in elk with the 132L allele.
Heterozygous elk (132ML) showed an approximate doublingtime to clinical disease following oral challenge compared with
homozygous 132MM elk.40 Homozygosity for 132LL further
extended incubation times41 and was consistent with research
in transgenic mice where the 132L allele diminished propagation of PrPres and greatly extended incubation time.42 Research
is inconclusive as to whether the 132L allele also resists CWD
infection. CWD is rarely diagnosed in 132LL farmed elk; 43 however, a survey of free-ranging elk in Colorado found each genotype represented in CWD-positive animals in proportion to their
frequency in the population.44 This differs from earlier results
in which O’Rourke et al.43 found an over-representation of the
132M allele in CWD-positive elk. It is likely that the discrepancy
in these findings can be attributed to differences in sampling;
however, temporal changes in infection rates are also possible.
Moose. To date, CWD has been reported in only three wild
moose (A. alces shirasi) from Colorado and testing is not widespread for this species.45 The homozygous 209MM amino acid
sequence of the index case in wild moose was identical to that
of the most susceptible genotypes in mule and white-tailed deer
(Fig. 1). However, both 209MM and 209IM moose have been
experimentally infected with CWD.46 Additional genetic screening has been conducted in Alaskan moose (A. alces gigas) and
suggests that Prnp divergence alone would not provide a species
barrier for CWD transmission between moose and deer.47
Caribou. CWD has not yet been detected in caribou (Rangifer
tarandus) or in areas were caribou are found, but the importance
of herds to subsistence hunters and the potential for infectious
contact within gregarious caribou herds has generated concern
about their potential susceptibility to CWD.48 Prnp sequences
from three Alaskan populations are similar to that of other

cervids, especially mule and white-tailed deer (Fig. 1), suggesting
a very weak species barrier.48
Exotic cervids. While we are primarily concerned with the
ecological impacts of Prnp variation in free-ranging populations
of cervids native to North America, numerous exotic species are
also present in captive cervid facilities. The potential for these
species to contact wild cervids and contribute to disease dynamics makes them an important part of the puzzle. Many exotic
cervid species have Prnp genes largely homologous with North
American species (Table 1), suggesting that Prnp divergence
would not be sufficient to avoid disease. This is born out by successful experimental infection of fallow deer49,50 and red deer.51
However, cross-species infection may still be unlikely via natural
routes. For example, despite susceptibility to experimental intracerebral infection, fallow deer are relatively resistant to CWD
infection when housed with infected mule deer.52 Still, potential
for cross-species infection from other cervid species needs further
investigation and suggests caution in the movement and management of exotic species.
Accessory genetic regions. Although the effect of critical
amino acid changes in the Prnp sequence on TSE susceptibility and disease progression is well established, the role of other
genetic factors is less understood. Several studies have investigated broader genomic associations with CWD, finding none.
For example, research has shown no association between the
Prnp promoter region, which regulates production of mRNA and
CWD.53,54 Several studies have evaluated the interaction between
prion disease and the immune complement system, presumably
because circulating or cell-associated β-sheet rich PrP oligomers
fix components of the classical cascade.55 However, both rodent
TSE models56 and studies of the C1q gene in white-tailed deer57
found no association between complement genetics and CWD.
Although, one study found that microsatellite markers linked
to the neurofibromin 1 gene were associated with CWD status
in mule deer, indicating that there may be genomic interactions
beyond the Prnp gene.58

© 2012 Landes Bioscience.
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Beyond Prnp: Other Sources of Variation
in Agent and Host Biology
While identity between prion molecules facilitates transmission,
it is likely not required. In experimental conditions both interand intra-species Prnp divergence has sometimes proven inconsequential for PrPres amplification. Other risk factors such as dose,
strain and route of infection, are all likely to play important roles
in the actual transmissibility of disease.32
Transmission of prions between different mammalian species
is typically limited by the species barrier phenomenon.1,2 This
interspecies resistance to prion infection is characterized by an
extremely long incubation period on first passage into a new
host species.59 Currently, the strength of this barrier between
different CWD host species is unpredictable 60 and even strong
barriers can be broken experimentally.2,60,61 Further, prion adaptation may occur upon serial passage through a new host, or
intermediate hosts might bridge the species barrier to expand
host range.62
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Just as host genetics influences TSE susceptibility and progression, the strain of disease agent can also impact these processes. Prion strains are defined when disease agents passed into
recipients of identical genetic backgrounds produce unique phenotypes, including differing incubation time and clinical symptoms, differences in PrPres conformational stability and glycoform
ratios (reviewed in refs. 63–65). While logistical challenges such
as dose, route and time of exposure make it impossible to identify strains in wild populations, laboratory studies have indicated
the existence of unique CWD strains. Several researchers have
reported that deer or elk CWD strains produce differences in
interspecies transmission. For example fallow deer experimentally infected with PrPres from CWD-infected elk survived nearly
40% longer than those infected with PrPres from white-tailed
deer.50 Similarly, other species including primates66 and cattle67,68
have shown different susceptibility and survival times depending on the source of PrPres in experimental CWD infections.
Rodent models have also been used to show differences in incubation time based on the source of inocculation.69,70 Angers et
al.65 suggested that elk stably carry either of two strains (CWD1
or CWD2) whereas deer carry a mixture of strains. Preliminary
evidence linking CWD strain to Prnp genotype is suggested by
a unique PrPres electrophoretic pattern from a white-tailed deer
with both the 95H and 96S alleles.19
The dose of infectious prions or their degree of infectivity may also affect transmission or progression of disease in
cervids. Although there is little direct evidence to substantiate
these hypotheses in cervids, experiments in transgenic mice have
suggested decreasing incubation period with larger infectious
doses.15,71 Prions may also bind to soil, thus increasing agent persistence in the environment72 and potentially increasing the effective infectious dose.73 Still other evidence suggests Prnp sequence
and PrPC characteristics are not sufficient to explain differing
infection rates and profiles of TSE disease. Gordon et al.74 also
citing Arjona et al.75 point out that the PrPres protein alone has
lower infectivity than TSE agent particles and suggest that the
infectivity of PrPres might be augmented by association with other
pathogenic particles such as retroviruses.76-78
In addition to variability in the agent and mode of infection,
host differences beyond genotype can have substantial impacts
on CWD infection. Both age and sex are important predictors of
CWD infection rates in deer.79,80 Current evidence suggests that
higher CWD prevalence in males is likely due to differences in
behavior and exposure, rather than innate susceptibility.79,80 In
both Odocoileus species infection rates increase with age, as is
characteristic of a chronic disease where cumulative risk increases
with time of exposure.

genotypes may gain a survival advantage over other genotypes.20
Yet, because the infectious state may be prolonged, these animals could disproportionately contribute to environmental contamination and transmission to susceptible animals.18,81 Future
research is needed to determine whether all genotypes shed infectious material at similar rates. We currently understand little
about the relative importance of direct vs. environmental routes
of transmission in wild cervid populations. It will be important
to understand the ways in which these routes interact with Prnp
types to influence CWD infection and progression of disease. In
addition to the mode of contact, the biological source of infectious material may have an impact on infectivity. It is unknown
whether cervid species have different sensitivities to particular
agent conformations, genotypes or strains. Additionally, though
we know that cross-species infection is possible between elk, mule
deer and white-tailed deer, we do not understand the level of
transmissibility of agent between these species, or to other mammals in the ecosystem.82 Newly developed laboratory methods
including PMCA,27,83 shaking assays84 and cell-free conversions32
may provide insights on this question.
Disease progression. Research has recently begun to examine
the progression of CWD in infected animals, but currently little
is known about the pathogenic mechanisms by which Prnp genotypes influence prion pathology. It will be important to determine
whether genotypic or species-specific differences exist in profiles
of prion accumulation as well as rates of disease progression, or
whether differences exist in the physiological reaction or tolerance to prion accumulation. To track disease progression, most
studies have used experimentally infected captive animals,18,19
which is essential for discerning the starting point of infection.
Future research will benefit from incorporating realistic infection
scenarios to evaluate the role of prion dose, which could affect
progression rates measured in experimental settings.
Disease management or treatment. Recent progress toward
a CWD vaccine has inspired optimism in wildlife management
agencies.85,86 Naturally, careful development and efficacy trials
will be required to evaluate new vaccines. The differential susceptibility and disease progression of varying Prnp genotypes
add a level of complication to this endeavor. Vaccine developers
should strive for vaccines that prevent infection and/or shedding
of PrPres, rather than simply prolonging animal life by delaying
CWD progression and potentially increasing shedding of PrPres.
Currently there is no information whether any candidate vaccines will be efficacious across species or Prnp genotypes. It will
be important to account for such variability in estimating the
number of vaccinated animals needed to achieve herd immunity,
and in weighing both the cost and efficacy of vaccination as a
CWD management strategy.
Survival and selection. The survival advantage conferred by
decreased CWD susceptibility can be sufficient to alter population dynamics and provide selective pressure favoring disease
resistance (demonstrated for the 96S allele in white-tailed deer, in
press20). Such selective pressure is rarely measurable in wild populations, and indicates the potential for CWD to impact cervid
populations. Additional genetic work will be needed to evaluate
potential selective pressure on other loci and in other species to
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Implications and Opportunities for Future Research
Disease risk. There is much debate over whether a partial genetic
resistance to CWD infection, or delayed progression, might have
positive or negative effects on disease dynamics on the landscape.
On the one hand, CWD infection rates may be substantially
lower in some genotypes, reducing the prevalence of CWD and
disease impacts on the affected population. These less-susceptible
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understand future trends in CWD epidemics and deer populations. Further, we currently lack information about non-disease
related fitness characteristics associated with Prnp genetics. This
is fertile ground for future selection studies. Future research such
as simulation modeling might be used to address questions of
how selective pressure could change as disease prevalence alters
infection hazard, as agent strains shift, or how animal movement
affects disease dynamics in wildlife populations.

cervids, we can report that subsequent investigations of Prnp
have increased our understanding TSE epidemiology and the
impacts of prion disease in both wild and captive animal populations. But each step forward in knowledge brings new questions,
and there is still much research to be done to improve our understanding of how Prnp variation affects prion disease dynamics,
and how to use this information for the management of disease
on the landscape.
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